Introduction
============

The underlying pathophysiology of preeclampsia (PE) is not completely understood, but it is currently believed that the initiating event in PE is reduced placental perfusion, which develops from shallow cytotrophoblast migration toward the uterine spiral arterioles which leads to inappropriate vascular remodeling and a hypoperfused placenta.[@b1-vhrm-11-403] This placenta becomes ischemic as the pregnancy continues which leads to the release of factors that cause maternal vascular endothelial dysfunction.[@b1-vhrm-11-403]--[@b8-vhrm-11-403] Endothelial dysfunction results in generalized vasoconstriction, reduced blood to multiple organs and it has been a major phenotype of PE.[@b1-vhrm-11-403],[@b4-vhrm-11-403],[@b5-vhrm-11-403],[@b9-vhrm-11-403]--[@b13-vhrm-11-403] Furthermore, pre-existing conditions such as poor nutrition, diabetes, and obesity, are all risk factors for PE, and could exacerbate the maternal response to factors released from the ischemic placenta.[@b9-vhrm-11-403] While 800 women die from pregnancy complications around the world every day and 3 million of preterm births reported each year are related to PE,[@b14-vhrm-11-403],[@b15-vhrm-11-403] there is no effective treatment for this pregnancy disease except for early delivery of the fetus.

The maternal cardiovascular and renal system goes through several important adaptations during a normal pregnancy. The cardiac output, heart rate, and stroke volume increases during pregnancy due to an increase in plasma volume expansion and systemic vascular vasodilation during pregnancy.[@b16-vhrm-11-403] A lack of these changes during pregnancy is often associated with pregnancy complications and an increased risk of developing cardiovascular events (such as myocardial infarctions, venous thromboembolisms, and stroke) in the mother later in life.[@b17-vhrm-11-403] Multiple clinical studies of women with PE show an increased risk of developing cardiovascular diseases later in life.[@b18-vhrm-11-403] For example a Norwegian study from 1967 to 1992, with over 600,000 pregnant women, showed that women with PE have an 8-fold increase in death resulting from a cardiovascular event versus women who have a normal pregnancy.[@b18-vhrm-11-403] A study of ∼30,000 women in the state of Washington from 1967 to 1998 showed that women with mild and severe PE had a 2-fold and 3-fold greater risk of cardiovascular events later in life respectively.[@b18-vhrm-11-403] Furthermore, a 30 year follow-up study of ∼14,000 women in California noted that women with PE have a 2-fold increase in death due to cardiovascular events, and women who had the onset of PE before 34 weeks of gestation had a 9-fold increase of cardiovascular events later in life.[@b18-vhrm-11-403] Finally, a Taiwanese study of 1 million women shows that women with PE have a 12-fold increase in having a cardiovascular event.[@b18-vhrm-11-403] Thus all of these clinical studies taken together show that women with PE have an increased risk of having a cardiovascular event later in life no matter the location, thereby indicating the importance of the common mediators of this disease shared among these women to help identify the link between PE and later cardiovascular events.

Renal insufficiency is a common thread that could contribute to long-term pathology of previously preeclamptic women
====================================================================================================================

Despite an increase in cardiac output during pregnancy, there is a decrease in maternal blood pressure due to a decrease in total peripheral resistance caused by maternal vasodilation during pregnancy. In addition, in the kidneys, the glomerular filtration rate (GFR) and renal blood flow increase due to a decrease in renal vascular resistance.[@b16-vhrm-11-403] Women with PE often have altered renal function, glomerular endotheliosis, and proteinuria.[@b19-vhrm-11-403] Early studies in the 1970s by Gibson, showed that the lack of rise in GFR during early pregnancy is associated with women who have an increased risk of unexplained stillbirths, abortions, or small for gestational age babies.[@b20-vhrm-11-403] A population study consisting of pregnant Norwegian patients from 1967 to 1991, showed that 477 patients out of 570,433 pregnant women developed end-stage renal disease (ESRD).[@b21-vhrm-11-403] Out of those 477 women who developed ESRD, the authors found that women who had been pregnant one or more times and developed PE during the first pregnancy are four times more likely to develop ESRD.[@b21-vhrm-11-403] They also showed that as the number of reoccurring preeclamptic pregnancies in the mother increased, the greater her risk of developing ESRD.[@b21-vhrm-11-403]

Importantly, there is a decrease in GFR and proteinuria in preeclamptic patients.[@b19-vhrm-11-403] Several studies show that podocyturia, which is the urinary excretion of podocytes, are elevated in women with PE.[@b22-vhrm-11-403]--[@b24-vhrm-11-403] The amount of podocyturia, podocytes in the urine, can be determined by quantifying podocalyxin, podocin, nephrin, and synaptopodin protein structures in the urine.[@b22-vhrm-11-403]--[@b24-vhrm-11-403] A more recent study by Garovic et al,[@b22-vhrm-11-403] showed that podocyturia had a greater predictive value for the diagnosis of PE versus other angiogenic factors, such as soluble fms-like tyrosine kinase-1 (sFLT-1), endoglin, and placental growth factor (PlGF). It is important to note that the loss of podocytes, which have a very limited regenerative capacity, from the glomerulus may lead to an increase in proteinuria and glomerulosclerosis due to a disruption of the glomerular filtration barrier. Therefore, podocyturia may serve as a sensitive biomarker for the development of PE and the degree of renal injury damage observed in PE.

Endothelial dysfunction is a common thread that could contribute to long-term pathology of previously preeclamptic women Nitric oxide (NO)
==========================================================================================================================================

Endothelial dysfunction is characterized by an increase in ET-1, a potent vasoconstrictor, secretion from endothelial cells and a lack of appropriate vascular responses to endothelial mediated vasodilators. While the mechanisms responsible for systemic maternal vascular dysfunction are unknown, mediators of endothelial dysfunction such as decreased NO have been shown to play a role in the development of hypertension in preeclamptic women.[@b25-vhrm-11-403]--[@b30-vhrm-11-403] Previous studies have shown that inhibition of NO synthase in pregnant rats is associated with intrauterine growth retardation (IUGR)[@b31-vhrm-11-403] and L-arginine supplementation prevents fetal growth restriction in animal models of IUGR.[@b32-vhrm-11-403] In addition, the supplementation with L-arginine in IUGR pregnant women improves vasorelaxation indicating this pathway could be an important role in the pathophysiology of IUGR in human pregnancies.[@b33-vhrm-11-403]

NO, originally identified as the endothelium derived relaxing factor, is an important vasodilator synthetized in response to mechanical and chemical stimuli from L-arginine by a family of calcium--calmodulin-dependent enzymes, called nitric oxide synthases (NOS).[@b34-vhrm-11-403] NO induces vascular smooth muscle relaxation via soluble guanylate cyclase (sGC)/cyclic guanosine monophosphate (cGMP)-dependent and independent mechanisms. In addition, NO inhibits leukocytes adhesion, and has antithrombotic and anti-apoptotic effects.[@b35-vhrm-11-403]

NO derived from endothelial nitric oxide synthase (eNOS) is an important mediator of vascular homeostasis.[@b35-vhrm-11-403] An up-regulation of eNOS, resulting in increased NO production has been shown to contribute to increases in uteroplacental blood flow via changes in vascular tone.[@b36-vhrm-11-403] In addition, there is evidence that genetic eNOS polymorphisms may affect the susceptibility to hypertensive disorders of pregnancy.[@b37-vhrm-11-403],[@b38-vhrm-11-403]

Alterations during normal pregnancy such as increased blood volume is accommodated within the cardiovascular system by systemic vasodilatation associated with NO production,[@b39-vhrm-11-403] thereby suggesting that NO deficiency could be playing an important role in hypertensive disorders of pregnancy. In fact, several studies in human and animal models have shown that impaired vascular relaxation in PE has been attributed to reduced bioavailability of NO produced via eNOS.[@b14-vhrm-11-403],[@b40-vhrm-11-403],[@b41-vhrm-11-403] Previous studies have demonstrated elevated eNOS expression during PE,[@b42-vhrm-11-403] however both increased arginase expression (regulator of NOS)[@b43-vhrm-11-403] and elevated levels of a natural NOS inhibitor, asymmetric dimethylarginine[@b44-vhrm-11-403] were found which in turn, could impair the balance between vasodilator and vasoconstrictor effects on the vascular smooth muscle thereby contributing to rise in blood pressure in PE. Furthermore, Mutlu-Turkoglu et al have published that circulating NOx levels were decreased in preeclamptic women compared to normal pregnant women before delivery. After 24 hours, post-delivery, these levels did not change in the normal pregnant group, however, nitrate-nitrite (NOx) levels increased in the preeclamptic group supporting the idea that alterations in NO regulation may play a key role in PE.[@b45-vhrm-11-403]

Experimental animal models of placental ischemia including reduced uterine perfusion pressure (RUPP) have been shown to exhibit impaired vasorelaxation in conduit vessels and activity of NO has been investigated.[@b28-vhrm-11-403],[@b39-vhrm-11-403],[@b46-vhrm-11-403],[@b47-vhrm-11-403] Moreover, previous investigators have demonstrated a loss or absence of NO-mediated vasorelaxation in RUPP plasma-treated vessels.[@b48-vhrm-11-403] In our recent study we have shown that circulating NOx levels and vascular eNOS expression were decreased in RUPP rats.[@b49-vhrm-11-403]

Although extensive research is needed to further investigate the benefits of NO, drugs that target components of NO pathway could increase NO bioavailability contributing to improve the maternal outcomes such as hypertension and endothelial dysfunction. Furthermore, markers of endothelial dysfunction such as ET-1, soluble vascular adhesion molecule and IL-8, or endothelial leukocyte adhesion molecule 1 (ELAM-1), which could be elevated weeks prior the clinical manifestation of PE.[@b50-vhrm-11-403] Indeed, detection of endothelial dysfunction or vasoconstriction may serve as predictor of this disease and may be helpful in order to understand the pathways associated with PE. Peripheral arterial tone and other methods which rely on flow mediated dilatation have been used to assess the endothelial function during pregnancy and PE.[@b51-vhrm-11-403] Although the peripheral arterial tone did not identify women who will develop PE, this technique could be associated with a relative peripheral vasoconstriction in preeclamptic women after delivery and might be used to detect abnormalities that persisted after pregnancy. Furthermore, peripheral pulse pressure waveforms determined by method of applanation tonometry demonstrate the changes in radial artery pulse waveform, and its correlation with central aortic pressure and pulse wave during pregnancy. In fact, tonometry has showed elevated augmentation index in preeclamptic women compared with normal pregnant women.[@b52-vhrm-11-403] Non-invasive measurements of vasoconstriction during pregnancy in future studies may help predict PE and the risks of cardiovascular disease post-delivery.

sFlt-1
------

Abnormalities in the placenta are associated with increased anti-angiogenic factors such as sFlt-1 or soluble vascular endothelial growth factor receptor 1 which contribute to decreased renal function and hypertension during pregnancy. Preeclamptic women have increased circulating sFlt-1 levels and placental sFlt-1 mRNA compared to women who have normal pregnancies.[@b42-vhrm-11-403] Furthermore, the effects of pro-angiogenic factors VEGF and PlGF which are important to maintain the vascular endothelium are antagonized by sFlt-1 which is a possible cause of endothelial dysfunction during this disease.[@b53-vhrm-11-403] Previous studies have shown that decreased levels of VEGF and PIGF were correlated with increased levels of sFlt-1 during PE.[@b42-vhrm-11-403] In addition, VEGF is important to induce and maintain the integrity of fenestrated endothelium in various tissues, including the renal glomerulus, and VEGF blockade by sFlt-1 may be a cause for renal damage and a decrease in renal function.

The role for sFlt-1 in the pathogenesis of this hypertensive disorder during pregnancy has been supported by animal data. When administered to pregnant and non-pregnant rats using an adenoviral vector, sFlt-1 induces PE-like syndrome resulting in the classical signs such as hypertension, proteinuria, and glomerular endotheliosis.[@b42-vhrm-11-403] Recent studies by Murphy et al demonstrate that infusion of sFlt-1 into normal pregnant rats caused hypertension which was associated with endothelial dysfunction characterized by increased ET-1 and decreased NO.[@b54-vhrm-11-403] Importantly, L-arginine improved hypertension and ET-1 expression.[@b28-vhrm-11-403] These data further support the hypothesis that increased NO availability may be an innovative pathway to target improved treatment of PE.

Importantly, a recent paper has shown that sFlt-1 levels normalized after 2 months post-delivery in PE-exposed compared with control mice. In the same study, an enhanced vascular response to injury in vessels exposed to PE was observed after delivery.[@b55-vhrm-11-403] Additionally, women who develop PE did not show differences in serum sFlt-1 levels at 12 weeks postpartum compared with their third trimester.[@b56-vhrm-11-403] Therefore, high sFlt-1 levels during and after PE could play a persistent role in endothelial dysfunction and damage after PE. Furthermore, altered expression of angiogenesis-proteins was presented in women who had prior PE more than 1 year post-delivery.[@b57-vhrm-11-403] Although PE is resolved by delivery of the placenta, and altered angiogenesis and vascular damage have been associated with long-term cardiovascular risk, larger studies are necessary to verify whether postpartum measures of sFlt-1 levels have a role in predicting future cardiovascular disease.

Chronic inflammation is a common thread that could contribute to long-term pathology of previously preeclamptic women
=====================================================================================================================

During normal pregnancy, the fetus must overcome immune rejection by the maternal immune system. Therefore, tolerance for the semi-allogenic fetal antigens must be established, particularly at the maternal-fetal interface, while still maintaining immune protection against pathogens. At the maternal-fetal interface, leukocytes make up 30%--40% of the decidual cells and are comprised of mainly NK cells, CD14^+^ myelomonocytic cells, and T lymphocytes.[@b58-vhrm-11-403] Normal pregnancy proceeds with mild inflammation, however, women with PE exhibit chronic immune activation and have an exaggerated innate inflammatory response. Multiple studies implicate a number of immune factors in mediating hypertension and endothelial dysfunction during pregnancy.[@b59-vhrm-11-403]--[@b69-vhrm-11-403] Clinical studies have demonstrated an increase in pro-inflammatory cytokine production in PE compared to normal pregnancy, and these data are also observed in animal models of PE.[@b5-vhrm-11-403],[@b46-vhrm-11-403],[@b70-vhrm-11-403]--[@b76-vhrm-11-403] T lymphocytes are instrumental to immunological memory and could play a role in the long-term sequelae of PE such as stroke or other cardiovascular events.

CD4^+^ T helper cells
---------------------

CD4^+^ T-cells are a heterogeneous group of cells made up of several different subsets to include T~H~1, T~H~2, T~H~17, and CD4^+^ T~Reg~ cells. Clinical studies have shown that the populations of all subsets of CD4^+^ T-cells are not increased, but rather the T~H~1 and the T~H~17 subsets are increased while the T~H~2 and T~Reg~ subsets are decreased in women with PE compared to women with normal pregnancies.[@b77-vhrm-11-403]--[@b86-vhrm-11-403] These alterations in the CD4^+^ populations of cells are described as a CD4^+^ T-cell imbalance, and recent studies have partially determined how changes in these specific populations contribute to pathophysiology during PE.

T~H~1 cells produce IL-2 and IFN-γ, are pro-inflammatory, and are involved in cellular immunity, while T~H~2 cells produce IL-4, IL-5, and IL-13, are anti-inflammatory, and are involved in humoral immunity. Normal pregnancy is associated with a predominant T~H~2 profile and suppressed T~H~1-type immunity, whereas an increased ratio of T~H~1:T~H~2 cells is observed in PE.[@b77-vhrm-11-403],[@b80-vhrm-11-403],[@b86-vhrm-11-403],[@b87-vhrm-11-403] Zenclussen et al performed adoptive transfer of activated BALB/c T~H~1-like splenocytes into allogeneically pregnant BALB/c female mice during late gestation.[@b76-vhrm-11-403] This resulted in the development of a PE-like model presenting with increased blood pressure, glomerulonephritis, and proteinuria. Furthermore, in response to adoptive transfer of activated T~H~1-like cells, uterine cytokine production and fetal reabsorptions were also increased. However, adoptive transfer of these cells into non-pregnant mice did not elicit any pathological response.[@b76-vhrm-11-403] This study demonstrates that increased activation of the T~H~1 population of cells causes pathophysiological symptoms exclusively during pregnancy.

In our studies with the RUPP rat model of PE, the T-cell profile is similar to that seen in PE patients.[@b66-vhrm-11-403],[@b88-vhrm-11-403] RUPP rats have an increase in CD4^+^ T helper cells characterized by increased T~H~17 and decreased T~Reg~s. We demonstrate that adoptive transfer of RUPP CD4^+^ T-cells into normal pregnant rats increases blood pressure and reduces renal function.[@b64-vhrm-11-403] Furthermore, RUPP CD4^+^ T-cells cause placental and renal oxidative stress and increased ET-1.[@b64-vhrm-11-403],[@b66-vhrm-11-403],[@b67-vhrm-11-403],[@b88-vhrm-11-403] We believe one mechanism stimulated by T-cells is to facilitate B-cell production of AT1-AA, as discussed in greater detail below and seen in [Figure 1](#f1-vhrm-11-403){ref-type="fig"}.

A number of clinical studies have reported that the population of T~H~17 cells is significantly increased in PE compared to normal pregnancy.[@b66-vhrm-11-403],[@b79-vhrm-11-403],[@b83-vhrm-11-403],[@b89-vhrm-11-403] Recent preclinical studies have begun to elucidate a role for T~H~17s and IL-17 to cause much of the pathophysiology observed in PE.[@b66-vhrm-11-403],[@b90-vhrm-11-403]--[@b92-vhrm-11-403] T~H~17 cells are distinguished from other populations of CD4^+^ T-cells by their secretion of IL-17, surface expression of the IL-23 receptor, and intracellular expression of the lineage-specific transcription factor retinoic acid receptor-related organ receptor (RORγ).[@b93-vhrm-11-403]

Studies have demonstrated that the increased inflammation observed during PE persists. Vitoratos et al demonstrated that women with PE remained under inflammatory stress up to 12--14 weeks postpartum.[@b94-vhrm-11-403] A later study by Kvehaugen et al showed evidence of chronic systemic inflammation and persistent endothelial dysfunction 5--8 years postpartum in women and their offspring after PE.[@b95-vhrm-11-403] These data suggest that persistent inflammation, postpartum, may play a role in future cardiovascular disease (CVD) risk in women with PE. Furthermore, a preclinical study by Pruthi et al demonstrated that exposure to experimental PE led to increased vascular damage after injury compared with normal pregnancy in mice.[@b55-vhrm-11-403] It is possible that the vascular dysfunction observed in preeclamptic women postpartum is due to the persistent inflammation after delivery. However, more studies are still needed to determine this definitively. Additionally, studies to determine if inflammatory CD4^+^ helper T-cell populations remain elevated postpartum in preeclamptic women should be performed.

A number of clinical studies demonstrate that in contrast to the increased population of inflammatory cells, such as T~H~17s, a decrease in the number of CD4^+^ T~Reg~s occurs in preeclamptic women compared with their normal pregnant counterparts.[@b83-vhrm-11-403],[@b96-vhrm-11-403]--[@b99-vhrm-11-403] CD4^+^ T~Reg~s are classically identified by surface expression of CD4 and CD25, as well as intracellular expression of the transcription factor forkhead box P3 (FoxP3).[@b100-vhrm-11-403],[@b101-vhrm-11-403] T~Reg~s are responsible for maintenance of maternal immune tolerance during pregnancy.[@b102-vhrm-11-403]--[@b105-vhrm-11-403] Maternal immune tolerance is dependent on T~Reg~s and uterine NK cells recognizing and accepting the fetal antigens and facilitating placental growth. Breakdown in maternal-fetal tolerance is thought to be a mediating factor in PE development and pathology. Previous studies have shown that depletion of T~Reg~s prior to conception or in early pregnancy resulted in implantation failure and increased resorptions.[@b102-vhrm-11-403],[@b105-vhrm-11-403] Therefore, the importance of T~Reg~s in the maintenance of early pregnancy has previously been established. However, T~Reg~ maintenance of proper immune function may be important in mid to late pregnancy, as well.

Because of the roles of the over-stimulated immune response in causing the pathophysiology of PE, proper immune regulation by T~Reg~s may be important to blunt the inflammatory mediators leading to vasoactive pathways that can cause hypertension and PE symptoms. CD4^+^ T~Reg~s may inhibit endogenous activation of the pro-inflammatory T~H~1 and T~H~17 cells leading to decreased inflammation and oxidative stress. Without T-cell activation, inflammatory cytokine production would be inhibited, resulting in fewer inflammatory cells and less production of reactive oxygen species.

To date, no studies have investigated the possibility of a full long-term autoimmune response after PE involving CD4^+^ T-cells or B-cells. Furthermore, very few studies have investigated the risk of PE leading to other autoimmune diseases later in life. To date, two such studies have determined a slightly increased risk for rheumatoid arthritis (RA) in women who were previously diagnosed with PE. A national cohort study in Denmark examined the possible impact of live births, pregnancy loss, and pregnancy complications on the risk for the development of RA later in life. These studies in Danish women found the rate ratio of RA to be 1.42 in women previously diagnosed with PE compared to women with normal pregnancies, while a recent update reported the hazard ratio of RA in women diagnosed with PE to be 1.96 compared to 1.18 in women diagnosed with gestational hypertension, without PE.[@b106-vhrm-11-403],[@b107-vhrm-11-403] Although these hazard ratios are relatively small, the dysregulation of the preeclamptic woman's immune system during pregnancy that leads to PE may be related to the subsequent risk for RA. Similarly there remains a need for studies to investigate an association between PE and increased risk for other autoimmune disorders, especially those that disproportionally affect women and are associated with cardiovascular disease, such as systemic lupus erythematosus and psoriasis.

NK cells
--------

NK cells make up 10% of lymphocytes in human peripheral blood and are identified by their expression of CD56 in the absence of CD3. NK cells can differentiate into two distinct subsets, type 1 (NK1) or type 2 (NK2). The NK1 subset is characterized by its release of IFN-γ and potent cytolytic activity upon activation.[@b58-vhrm-11-403],[@b108-vhrm-11-403] IL-2 and IL-12 signaling promote differentiation of NK cells to the NK1 subset and are secreted by CD4^+^ T helper cells. CD4^+^ T~Reg~s can inhibit IL-2 mediated differentiation by decreasing availability of the cytokine.[@b109-vhrm-11-403],[@b110-vhrm-11-403] It has also been demonstrated that IL-17 may enhance cytolytic activity of NK cells, suggesting that T~H~17 cells may play a role in mediating differentiation into the NK1 population subset.[@b111-vhrm-11-403] PE is associated with a shift in the NK cell population from NK2 to NK1 (type 1 shift). A prominence of NK1 cells secreting tumor necrosis factor alpha (TNF-α) has previously been shown in preeclamptic women.[@b112-vhrm-11-403] NK-mediated killing of fetal trophoblasts can contribute to the shallow trophoblast invasion that results in insufficient spiral artery remodeling. Thereby promoting development of the ischemic placenta, leading to the release of vasoactive factors mediating maternal vascular dysfunction. Recent studies in mice suggest a role for cytotoxic NK cells in Angiotensin II (ANGII) mediated vascular dysfunction and artherosclerosis.[@b113-vhrm-11-403]--[@b115-vhrm-11-403] Additionally, a study in humans demonstrated an association with NK cells and increased plaque rupture.[@b113-vhrm-11-403],[@b116-vhrm-11-403] The role of the cytolytic NK1 cell population in the development and pathophysiology of PE and other cardiovascular disease is poorly understood and warrants further investigation.

Neutrophils
-----------

Neutrophils are activated in response to the placental hypoxia and inflammation that occurs during PE. These cells can also be recruited and activated by increased IL-17.[@b89-vhrm-11-403] These cells may contribute to the increased vascular resistance and fetal morbidity of PE through production of oxidative stress and the release of neutrophil extracellular traps (NETs).[@b89-vhrm-11-403],[@b117-vhrm-11-403] NETs are extracellular structures released from neutrophils that kill extracellular bacteria and fungi, but are implicated in pathogenesis of inflammatory disorders and autoimmunity.[@b89-vhrm-11-403],[@b117-vhrm-11-403] Oxidative stress-induced inflammation and vascular damage and dysfunction may be attributable in part to the activation of neutrophils and subsequent release of NETs in response to hypoxia and IL-17 signaling during PE and requires further study.[@b89-vhrm-11-403],[@b117-vhrm-11-403]

AT1-AA
------

AT1-AAs are elevated in women with PE.[@b118-vhrm-11-403],[@b119-vhrm-11-403] AT1-AAs bind with a high affinity to the 7 amino acid sequence on the second extracellular loop of the AT1R. Binding of the AT1-AA to the AT1R, increases AT1 receptor activity, intracellular calcium levels, and activation of intracellular mitogen activated protein kinase/extracellular signal regulated kinases (MAPK/ERK) pathways.[@b120-vhrm-11-403]--[@b122-vhrm-11-403]

AT1-AAs are hypothesized to be generated from an immunological loss of self-tolerance toward the AT1R, which results in the accumulation of antibodies against the AT1R. AT1-AAs are also elevated in normotensive pregnancies with uterine growth-restricted fetuses, kidney transplant recipients, and patients with systemic sclerosis, vasculopathy, tissue fibrosis, hypertension, renovascular disease, and pregnant women with hemolysis, elevated liver enzymes and low platelets (HELLP syndrome).[@b123-vhrm-11-403]--[@b127-vhrm-11-403]

In 1999, Wallukat et al was the first to identify AT1-AAs in women with PE and not in healthy pregnant women or in women with pre-existing essential hypertension and pregnancy.[@b118-vhrm-11-403] In this study, the AT1-AAs were isolated by affinity column antibody purification techniques and used to stimulate cultured neonatal rat cardiomyocytes. However, in the presence of losartan, an AT1R blocker, purified AT1-AAs from preeclamptic patients were not able to stimulate cultured cardiomyocytes. Thus, this study was the first to identify that the actions of the AT1-AA on cardiomyocytes are facilitated through AT1-AA binding to the AT1R.

In vitro experiments with the AT1-AA on vascular smooth muscle cells and trophoblast cells increased reactive oxygen species production, nicotinamide adenine dinucleotide phosphate oxidase components, and activation of nuclear factor kappa-light-chain-enhancer of activated B cells.[@b128-vhrm-11-403] Human coronary artery vascular smooth muscle cells incubated with AT1-AAs increased tissue factor levels, which are elevated in the placenta of preeclamptic patients.[@b122-vhrm-11-403] AT1-AAs administered to human trophoblast cells, increased the secretion of plasminogen activator inhibitor-1 and decreased trophoblast invasiveness.[@b129-vhrm-11-403] Together these effects on the trophoblast cells suggest a mechanism of poor placental placentation, a possible cause of PE. Human mesangial cells incubated with the AT1-AA increased plasminogen activator inhibitor-1 and IL-6 secretions.[@b130-vhrm-11-403] AT1-AAs cultured with cardiomyocytes, increased the beating rate of cardiomyocytes and apoptosis of cardiomyocytes via a TNF-α pathway.[@b131-vhrm-11-403],[@b132-vhrm-11-403] Furthermore, we have shown that human umbilical vein endothelial cells (HUVECs) incubated 6 hours with ANGII (10^−7^ M) and AT1-AAs drastically increased ET-1 protein expression.[@b133-vhrm-11-403] This ∼100 fold increase in ET-1 expression was absent in HUVECs incubated with ANGII or AT1-AAs alone, which suggest a possible enhancement of ANGII signaling when AT1-AAs are present.[@b133-vhrm-11-403] Therefore the increase in ET-1 expression from HUVECs may play a significant role in hypertension and enhanced ANGII sensitivity during PE. The results from the HUVEC study further emphasize the importance of ET-1 expression in PE, where there is increased AT1-AA production and hypertension. In an earlier study we showed that blockade of ETa receptor in rats administered the AT1-AA and ANGII displayed a decrease in blood pressure.[@b63-vhrm-11-403] Thus this in vitro HUVEC data taken along with the in vivo data strongly supports the notion that ET-1 is a major mediator of hypertension during pregnancy.

Animal models of PE, such as the RUPP model, the transgenic human angiotensinogen and renin gene pregnant rat model, the adoptive transfer of CD4+ T lymphocytes from placental ischemic rats to normal pregnant rats, and the cytokine (TNF-α, IL-6, and IL-17) administration during pregnancy model, display elevations in AT1-AAs during pregnancy.[@b64-vhrm-11-403],[@b90-vhrm-11-403],[@b119-vhrm-11-403],[@b134-vhrm-11-403]--[@b138-vhrm-11-403] Isolated human and rodent AT1-AAs administered to rats during pregnancy increase several circulating factors associated with PE, such as sFlt-1, sEng, oxidative stress, ET-1, and endothelial microparticles (EMPs).[@b63-vhrm-11-403],[@b134-vhrm-11-403],[@b136-vhrm-11-403],[@b139-vhrm-11-403],[@b140-vhrm-11-403] EMPs are small endothelial cell debris fragments that are elevated in women with PE and serve as a marker of endothelial cell dysfunction. The mechanism by which AT1-AA increases EMPs is through the p38 MAP kinase signaling transduction pathway.[@b120-vhrm-11-403] Furthermore AT1-AAs administered to pregnant rats on day 12 or 13 of pregnancy exhibited a marked increase in blood pressure on day 19 of pregnancy.[@b63-vhrm-11-403],[@b134-vhrm-11-403],[@b136-vhrm-11-403],[@b140-vhrm-11-403] The rats also display and increase in placental oxidative stress, and ET-1 expression in the kidney cortex, aorta, and placenta.[@b63-vhrm-11-403],[@b90-vhrm-11-403],[@b134-vhrm-11-403],[@b140-vhrm-11-403]

The mechanism of increased ANGII sensitivity in PE is unknown. However, we hypothesize that AT1-AAs play an important role in increasing ANGII sensitivity in PE. Studies from our lab have shown that acute ANGII along with AT1-AA infusion during a rat pregnancy increased the blood pressure ∼40 mmHg above AT1-AA administered alone.[@b133-vhrm-11-403],[@b134-vhrm-11-403] In addition, chronic ANGII and AT-AAs together increase blood pressure, oxidative stress, and ET-1 secretion and increases the renal artery resistive index above ANGII or AT1-AA administered separately.[@b133-vhrm-11-403],[@b134-vhrm-11-403]

One mechanism by which the AT1-AA can increase ANGII sensitivity may be by altering the binding affinity of ANGII to the AT1R. Preliminary studies from our lab have shown that AT1-AAs increase (∼15-fold) the binding affinity of ANGII to the AT1Rs on HUVECs incubated with fluorescent labeled ANGII and human AT1-AAs isolated from preeclamptic patients for 1 hour. This increase in ANGII binding was also correlated with an increase in ET-1 secretion. Another proposed mechanism by which AT1-AAs increase ANGII affinity to AT1R is via increasing the dimerization of the AT1 receptors.[@b141-vhrm-11-403] Multiple studies have shown an increase in AT1R responsiveness to ANGII, when the AT1R heterodimerizes with the vasodepressor bradykinin receptor (B^2^).[@b141-vhrm-11-403]--[@b143-vhrm-11-403] AbdAlla et al showed that women with PE have increased B^2^ protein amounts and AT1/B^2^ heterodimerization in platelets and the omental vessels of preeclamptic patients.[@b141-vhrm-11-403]--[@b143-vhrm-11-403] Therefore it can be postulated, that the process by which the AT1-AAs increase ANGII sensitivity in PE is mediated by AT1R receptor dimerization, however, more studies are needed to verify this hypothesis.

Studies by Hubel et al show that ∼18% of postpartum preeclamptic women have elevated circulating AT1-AAs 1 year after delivery.[@b144-vhrm-11-403] These women with elevated AT1-AAs have elevated sFlt-1 levels, decreased VEGF, and increased insulin sensitivity.[@b144-vhrm-11-403] The correlation between increased circulating AT1-AAs and these variables may suggest a mechanism by which women with PE have an increased risk of cardiovascular events later in life. Of caution, this study only consisted of 64 women (35 controls and 29 preeclamp-tic women), in which ∼18% (five out of 29) of postpartum preeclamptic women had elevated circulating AT1-AAs thereby indicating the importance of studies determining the significance of AT1-AAs with larger populations of postpartum preeclamptic women.

Rats administered AT1-AA during pregnancy displayed no differences in cardiac function as compared with normal pregnant rats 16 weeks postpartum in a study conducted by Wang et al.[@b145-vhrm-11-403] However in this study, there were several morphological changes in cardiomyocytes, increased collagen content, and changes in the myocardium structure of rats administered the AT1-AA during pregnancy.[@b145-vhrm-11-403] These changes were prevented when losartan was administered along with AT1-AA during pregnancy.[@b145-vhrm-11-403] These data taken together suggest that the AT1-AA may play a pivotal role in the development or pathogenesis of cardiovascular dysfunction and CVDs in the mother.

PE has long-term effects on the offspring
=========================================

Not only does PE have a long-term effect on the cardiovascular system of the mother later in life, but it also has an effect on the cardiovascular system of the offspring later in life. PE is one the major contributors to preterm and low birth weight babies. It has been known for several years, especially with the development of the Barker hypothesis, that fetal adaptions during pregnancy, such as malnutrition caused by hypertension and/or placental ischemia during pregnancy, increase the offspring's risk of developing hypertension, stroke, diabetes, and CVDs later in life.[@b146-vhrm-11-403],[@b147-vhrm-11-403] Furthermore, several recent meta-analysis studies have shown that for each 1 kg increase in birth-weight, there is a 9%--15% decrease in cardiovascular mortality and 2--4 mmHg decrease in systolic blood pressure in adulthood.[@b147-vhrm-11-403] The offspring of women with PE have elevated blood pressure, body mass index, and increased triglycerides and cholesterol content in both adolescence and adulthood.[@b147-vhrm-11-403],[@b148-vhrm-11-403] A meta-analysis study conducted by Davis et al in 2011, examined over 18 cohorts of ∼45,000 women with normal and hypertensive pregnancies. In this study they discovered an increase of 2.39 mmHg in systolic pressure, 1.35 mmHg in diastolic pressure, and an 0.32 kg/m^2^ increase in body mass index in the offspring (4--30 years old) of preeclamptic mothers versus the offspring of normal pregnant women.[@b148-vhrm-11-403]

Conclusion
==========

The clinical symptoms of PE can be resolved after delivery of the placenta, however women and their offspring affected by PE have double the risk for subsequent cardiovascular complications such as heart disease, stroke, and venous thromboembolism over the 5--15 years after delivery and these women have greater risks of dying from cerebrovascular disease after pregnancy than women who had a healthy pregnancy.[@b149-vhrm-11-403]--[@b151-vhrm-11-403] A more recent study examined the incidence of long-term atherosclerotic morbidity in preeclamptic women and the risk is greater for patients with severe and recurrent episodes of PE.[@b152-vhrm-11-403] Moreover, endothelial dysfunction is a common feature of pregnancies with PE, atherosclerosis, and cardiovascular disease and thus, endothelial dysfunction could serve as an underlying mechanism in the development of cardiovascular disease in preeclamptic women or their offspring. Furthermore, PE women exhibit chronic inflammation indicative of immunological memory with the activation of CD4+ T helper cells and the secretion of specialized IgG in the form of the AT1-AA. The prevalence of AT1-AA, immunological memory with NK or T-cells and the sequela of endothelial dysfunction could all mediate the development of CVD or cardiovascular events later in life among PE women. In addition, because of this prolonged chronic inflammation, PE women may be at risk for autoimmune diseases later in life. In recent years, a number of small studies or cases have been published that suggest use of the monoclonal antibody, rituximab, for the treatment of lymphoma or autoimmune disease is safe during pregnancy.[@b153-vhrm-11-403]--[@b159-vhrm-11-403] However, these same groups performed follow-up studies that identified the drug within the nasal cavity of newborns born to pregnant macaques treated during pregnancy. Therefore, this avenue of treatment may prove to be deleterious for the immune development during the first few months of life of the newborn. With the development of immune suppression therapies proving successful for the treatment of cancer and lymphomas, if we can prove they are safe for both mother and infant ante and postpartum, should we consider the use of such therapies for PE women?
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![Placental ischemia is a stimulus for chronic inflammation that leads to vasoactive factors that could play a role in later CVD in previously preeclamptic women.\
**Abbreviations:** RBF, renal blood flow; GFR, glomerular filtration rate; CVD, cardiovascular disease; ROS, reactive oxygen species.](vhrm-11-403Fig1){#f1-vhrm-11-403}
